Abstract-In this paper, the relationship between reduced electric field and ozone efficiency was determined between ∼120 and 280 Td, with an optimized efficiency of ∼207 g/kWh at ∼123 Td. An equivalent circuit with stray capacitance was used to analyze the filament current in the barrier discharge. The statistical distribution of the filament currents was found to change with different conditions, observing decreased mean amplitude and a narrower distribution with increased pressure and barrier thickness. Under the same reduced electric field, higher ozone efficiency was achieved at a lower current and narrower distribution.
I. INTRODUCTION
O ZONE has been widely used in medical and industrial applications. It can be produced by a two-step process: 1) generation of free oxygen atoms by ionization and 2) generation of ozone by a combination of oxygen atoms with oxygen molecules [1] through the reactions (1)- (2) coming with the unavoidable dissociation processes by the reactions (3) to (4) [2] - [4] O 2 + e → 2O + e the charge transfer associated with a discharge event, as well as distribute the generated filaments over the entire dielectric barrier surface. Once the electric field across the interelectrode gap space is strong enough, an electron avalanche develops. Assuming the radius of the avalanche head as r a ≈ 1/α, the Meek breakdown criterion requires that αd ≥ 20, and a streamer discharge develops [5] . With a dielectric barrier, the electrons or ions at the head of the streamer accumulate on the surface of the barrier and the local electric field in the filament is reduced, which leads to the extinguishing of the filament.
At present, the typical commercial efficiency of ozone generators is 90 g/kWh using dry air and 180 g/kWh using oxygen [1] . These practical efficiencies are low compared with the theoretical efficiency of 1200 g/kWh, with 85% of the energy being lost as heat. In attempts to increase the ozone yield, some investigators have researched reactors cooled by liquid nitrogen [6] , [7] ; the ozone efficiency achieved was in the range of 400-600 g/kWh.
The humidity effect on ozone generation has been investigated [8] - [10] . More recently, the photochemistry of O 3 generated by VUV has been characterized [11] , [12] . Using a xenon excimer lamp with a central wavelength of 172 nm, photons with energy of 7.22 eV are generated; these photons can react efficiently with oxygen but do not dissociate ozone, allowing the reaction efficiency to reach 497 g/kWh [11] . Moreover, pulse discharges of duration in the nanosecond regime can produce the ozone yield of 544 g/kWh when oxygen-fed, and 239 g/kWh when air-fed; with pulse duration of the order of nanoseconds, the ion movement is efficiently restricted, reducing the energy loss [13] , [14] . New methods are being investigated to improve the ozone efficiency.
II. EXPERIMENTAL SETUP

A. Experimental Equipment
A schematic diagram of the reactor is shown in Fig. 1 . Two stainless steel (SS316) plates of 1 mm thickness and 30 mm diameter form the electrodes. A square glass cover, with ε r = 6.7 and a length of 50 mm is used as a dielectric barrier. Between the barrier and the high-voltage electrode, four 5-mm-long square glass spacers (varies from 0.1 to 0.3 mm with 0.1 mm increment) are used to form the discharge gap. A 2-mm-diameter hole in the center of the 0093-3813 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. high-voltage electrode forms a gas inlet at the top of the reactor, in order to optimize the gas flow path. Fig. 2 shows the experimental arrangement. A highfrequency (5 kHz) power supply (Pacific Smart Source 112-AMX) was connected with a 1:20 transformer (up to 7 kV ac). A 10-k current-limiting resistor is connected between the output of the transformer and the reactor. The ground electrode is connected to a digital storage oscilloscope (LeCroy WaveRunner 625 Zi) via a 50-coaxial cable. A high-voltage probe (Tektronix P6015A, 1000:1, 3.0 pF, 100 M ) is connected in parallel with the reactor to measure the input voltage. The current output is measured by an RS 405 coaxial cable (18 GHz bandwidth and 50 impedance) connected to the ground electrode.
The feed gas is pure oxygen with a purity of 99.5% and a dew point of −45°C. The gas flow rate is maintained at 0.4 slpm and the pressure in the reactor controlled by the needle valve; the ozone analyzer (BMT 964) measures the outlet ozone concentration.
According to the rate coefficients of reactions (2) and (4), an increase in gas temperature will lead to an increase in the rate of ozone dissociation [1] , [17] , while the ozone production rate will reduce. In order to achieve higher ozone generation efficiency, balancing the temperature in the reactor is, therefore, crucial. In this experiment, the power supply was only enabled for 100 cycles for each test, in order to minimize the influence of gas temperature.
B. Ozone Concentration Measurement
As the power supply is only energized for 100 cycles, the ozone concentration is logged by software every 0.2 s. Fig. 3 shows the typical ozone concentration waveform for a 0.2-mm barrier thickness and a 0.2-mm gap length, with a 3-kV peak supply voltage. The ozone production under 100 cycles input energy is equal to the oxygen flow rate times the integral of the ozone concentration measured in volume PPM V in realtime, as
C. Ozone Efficiency Measurement
The Lissajous figure is used to measure the discharge energy by adding a measurement capacitor C m (10 nF) between the reactor and the ground. To ensure accurate measurements, all 100 cycles of the applied voltage waveform and voltage across C m were recorded using the oscilloscope. In order to take into account transient effects when the power supply is enabled, the energy associated with all the 100 cycles was measured using individual Lissajous figure. Fig. 4 shows the sampled Lissajous figure measured in the first cycle.
Considering that the charge transfer per half-cycle is 2Q, half of the charges are used to neutralize the opposite polarity charges left by the last half-cycle. The other half of the charges will accumulate on the barrier surface. For a nonenergized reactor, there is no charge on the barrier surface; once energized, the charge transfer for the first cycle is not balanced. From Fig. 4 , the positive charge transfer is 234 nC in the positive cycle, while the charge transfer of the negative cycle is 353 nC. In this case, there is an offset apparent in the Lissajous figure in the first few cycles. According to the experimental results, the charge transfer per half-cycle can be balanced over three full cycles.
As a result, according to the six points selected in Fig. 5 , the equivalent gap capacitance C g , the barrier capacitance C d , the breakdown voltage V b , and the maximum voltage V max , of each cycle can be calculated. The energy of the i th cycle can be calculated as
The total energy input for 100 cycles is calculated as
The ozone efficiency can then be calculated as
D. Current Measurement
The current was measured using a coaxial cable. Adding a current-limiting resistance can efficiently block the charging current from the power supply during the nanosec- Relationship between reduced electric field (Td) and ozone efficiency (g/kWh).
ond discharge period, where the ionic current can be ignored [15] .
A number of 10 000 individual current pulses were captured by the oscilloscope to analyze the mean amplitude, the rise time (30%-90%), and the distributions of current amplitude.
III. RESULTS
The experimental results were gathered by measuring the ozone concentration and the corresponding efficiency under varying voltage and gap length, to find the relationship between the reduced electric field (E/N) and the ozone generation efficiency.
The ozone efficiency was investigated by changing the gap length from 0.1 to 0.3 mm with 0.1 mm increments and changing the peak amplitude of the supply voltage from 2 to 3.5 kV with 500 V increments with a 0.3-mm gap length. The results are shown in Fig. 6 .
The optimized ozone efficiency reached in this experiment was ∼207 g/kWh, achieved when the reduced electric field was equal to ∼123 Td. With increase in the reduced electric field, the ozone efficiency dropped to ∼109 g/kWh at ∼277 Td. A similar result was obtained by Kitayama and Kuzumoto [16] , demonstrating that the ozone efficiency reduces gradually by increasing the reduced electric field when
With increasing reduced electric field, the electron energy also increases. The cross section of oxygen ionization and dissociation increases dramatically [17] , meaning that the number of electrons and O atoms also increases.
In this case, the ozone concentration will increase. Meanwhile, as the reaction rate of the major ozone dissociation reaction (4) is a second-order reaction, it is dependent on the concentration of both O and O 3 . With increasing reduced electric field, the ozone dissociation rate will also increase. In total, the reasonable c[O]/c[O 2 ] ratio should be between 10 −5 and 10 −4 . In this range, the conversion efficiency of the atomic oxygen to ozone can reach one [2] .
For a certain gap length and oxygen flow rate, increasing the supply voltage leads to an increase in the ozone concentration, while the ozone efficiency decreases. With a 0.3-mm gap, the ozone efficiency was found to decrease from ∼201 to 162 g/kWh with increasing supply voltage from 2 to 3.5 kV, as shown in Fig. 7(a) , with the ozone concentration increased from 164 to 397 ppm.
According to the Lissajous figures in Fig. 8 , with increasing supply voltage, the breakdown voltage increases from 703 to 1046 V, and the equivalent barrier capacitance increases (while the depth of the gap remains at 0.3 mm). As the discharge in oxygen is filamentary [18] , the electron distribution on the surface of the barrier is not uniform. With a lower supply voltage, only a few discharges occur during the half-cycle-each discharge is relatively independent, with the charge accumulated on the surface being different each time. There exists a certain point of enhanced local electrical field where the discharge will occur first. With increasing supply voltage, the number of charges accumulated on the barrier surface increases and the distribution is more uniform, with the value of equivalent barrier capacitance increasing. In this case, the breakdown voltage of the gap is closer to the breakdown voltage of a parallel-plane geometry, when there is no local field enhancement.
For a given supply voltage, increasing the gap size from 0.1 to 0.3 mm led to an increase in both the ozone concentration and the ozone efficiency. For instance, under a 3-kV input voltage, the ozone efficiency increased from ∼109 to 162 g/kWh, and the ozone concentration increased Increasing the gap length, the electric field decreases from ∼277 to 145 Td with a 3-kV peak supply voltage as shown in Fig. 7(b) ; with increasing reduced electric field, the ozone concentration decreases. The input energy for the different gap lengths studied here does not change much under the same supply voltage (from 0.10 to 0.12 J), while the ozone concentration decreases dramatically when the reduced electric field increases. In summary, it can be said that increasing the reduced electric field above the optimal value leads to a higher increase in the rate of ozone dissociation than the rate of ozone formation, resulting in reduced ozone efficiency.
Comparing these two parameters (gap size and supply voltage), the ozone generation efficiency decreases with increase in the reduced electric field in the range ∼123-277 Td.
IV. DISCUSSION A reduced electric field is not the only parameter that could affect the ozone efficiency, the filament current was also analyzed under different conditions by measuring the external current. To analyze the relationship between filament current and ozone efficiency, both the current and the corresponding ozone efficiency were measured for different pressures and different barrier thicknesses. For each experiment, 10 000 individual pulses were captured and the ozone efficiency was measured to analyze the behavior of the external current under different conditions.
A. Filament Current Analysis
Analyzing the circuit before the occurrence of a discharge, the reactor can be represented as two capacitances in series: the gap capacitance C g and the dielectric barrier capacitance C d labeled as C t (total capacitance). When the voltage is increased, and the local electrical field at one point in the gap space exceeds the threshold field for breakdown, a pulse discharge of nanoseconds duration occurs; the diameter of the filament channel is in the range 0.1-1 mm [6] . At this time, the equivalent circuit of the reactor can be treated as four capacitances, as shown in Fig. 9 . The gap capacitance in the filament channel is C g . The corresponding capacitance of the charged part of the barrier is C d . The capacitance associated with the remainder of the gap (excluding the filament channel) C g is in series with the capacitance associated with the remainder of the barrier C d . The label C s represents the stray capacitance. To simplify the circuit, the area that is not influenced by the discharge is labeled C t .
As the streamer discharge occurs in the gas gap, the voltage across the filament channel drops. Due to the current-limiting resistor in series with the reactor, the power supply cannot replenish the voltage drop across C g . In this case, the voltage across C t and C s will drop to replenish the energy loss until the reversed electric field is strong enough to extinguish the filament. Here, from Fig. 9 , the current flowing through the C t subcircuit is I t , the current flowing through the C s subcircuit is I e , and the current supplied by C g is I g . For a single filament, the total filament current is I f and the corresponding filament current is
According to Fig. 9 , the external current I e measured using a current probe is the current flowing through the stray capacitance C s . The voltage drop across C t is the same as the voltage drop across the stray capacitance. As C t is much greater than C g and C d in series, the value of C t can be assumed as the total capacitance C t . In this case, the filament current can be rewritten as
where V a is the applied voltage across the reactor and V g is the voltage across the C g . Here, the integration of the current flowing through C s and C t is the charge transferred onto the barrier surface leading to voltage increase across the barrier. When the voltage drops across C g and the filament reaches a certain level, the discharge will be extinguished. For a given electric circuit of reactor, C s is a fixed value. For a large ozone generator with a total capacitance of nanofarad, the filament current can be approximated as the sum of I e and I t . The distribution characteristics of the external current are identical to that of the filament current.
B. Under Different Pressure
With a 0.3-mm gap length and a 0.2-mm barrier thickness, the ozone efficiency was measured under various absolute pressures, from 1 to 1.6 bar, with 0.2 bar increments. The supply voltage was 3 kV peak , and the frequency was 5 kHz. It can be clearly seen in Fig. 10 that with increasing pressure, the ozone efficiency increases from ∼162 to 207 g/kWh.
Also shown in Fig. 11 is the mean amplitude of the external current which drops from 88 to 39 mA as the pressure is increased up to 1.6 bar. The rise time (30%-90%) of the current pulse is relatively consistent, in the range from 3.2 to 3.3 ns. From this point of view, with low amplitude of the external current, the ozone efficiency can be increased. According to Braun's research [19] , the pressure increase can reduce the filament radius therefore, decreasing the diffusion area of the accumulated ions on barrier surface for easier establishment of the reversed electric field. The corresponding filament current decreases.
From Fig. 12(a) and (b) , the external measured current is lower under higher pressure. Zooming out these figures, it can be clearly seen that the repetition rate of discharge increases, while the voltage drop decreases dramatically. From  Fig. 12(c) and (d) , the histograms under different pressures display different current distributions. With increasing pressure, the current distribution becomes narrower, and the number of filaments with measured current between 20 and 40 mA is weighted at 83% at 1.6 bar. At 1 bar, although the most likely external current is also between 20 and 40 mA, the total number of filaments with measured current in this range is only weighted at 37%.
Related with ozone efficiency distribution, it is confirmed that low amplitudes of the filament current can increase the ozone efficiency under the same experimental geometry and rector construction.
C. Under Different Barrier Thickness
To analyze the relationship between barrier thickness and ozone efficiency, experiments were carried out by changing the barrier thickness from 0.2 to 1 mm, with a fixed gap length From Fig. 13 , the peak ozone efficiency with a 1-mm-thick barrier can reach ∼225 g/kWh when the reduced electric field is ∼130 Td. Compared with the results with a 0.2-mm-thick barrier, according to the fitting line, even under the same reduced electric field, the ozone efficiency increases with increasing barrier thickness. For instance, the ozone efficiency increases from 188 to 213 g/kWh at ∼145 Td. Moreover, the ozone efficiency increases with increasing barrier thickness under the same input energy. For instance, with a 0.13-J input energy, the ozone efficiency is increased from ∼162 g/kWh at 0.2 mm to ∼185 g/kWh at 1 mm barrier thickness under 1 bar absolute pressure.
Based on this finding, 10 000 individual current pulses were recorded, measuring the amplitude and the rise time of the external current, for analysis of the filament current. The results are shown in Fig. 14 . When the pressure was increased from 1 to 1.6 bar with a 1-mm-thick barrier, the average external current fell from 25 to 11 mA. The rise times were all in the range from 3.9 to 4.2 ns. Fig. 15 shows the half-cycle voltage and current waveforms for a 1-mm barrier thickness, 1-bar absolute pressure, and 6.5-kV supply voltage. Compared with Fig. 12(a) , the external current and the voltage drop are much lower for a thicker barrier, while the ozone efficiency is increased.
It is obvious that with increasing barrier thickness, the amplitude of the external current is decreased, while the ozone efficiency is increased. When ions accumulate on the surface of the barrier, there will be a redistribution of the electric field on the barrier. Some of the ions will build up the reversed electric field to halt the development of the filament, while the rest of the ions will form an electric field within the barrier to increase the voltage across the barrier. According to the equivalent circuit in Fig. 9 , for the same voltage drop across the filament channel, increasing the barrier thickness, both the barrier capacitance and the total capacitance decrease making the corresponding current flowing through C d and the filament current reduced.
V. CONCLUSION
According to the Td versus ozone efficiency curve (Fig. 6) , the ozone efficiency can reach ∼207 g/kWh at ∼123 Td. The ozone efficiency then reduces gently when the reduced electric field is increased from 140 to 210 Td. With a continuing increase of the reduced electric field, the ozone efficiency fell rapidly to ∼109 g/kWh at ∼277 Td.
For a single filament, the voltage drop across the filament channel leads to the extinguishing of the filament.
With increasing pressure, the current distribution becomes narrower and the mean amplitude of the filament current decreases, leading to higher ozone efficiency.
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